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Galectin-3 (Gal-3) is a �-galactoside-binding protein
that is involved in cancer progression and metastasis.
Using a progressive human melanoma tissue microar-
ray, we previously demonstrated that melanocytes
accumulate Gal-3 during the progression from benign
to dysplastic nevi to melanoma and further to meta-
static melanoma. Herein, we show that silencing of
Gal-3 expression with small hairpin RNA results in
a loss of tumorigenic and metastatic potential of
melanoma cells. In vitro , Gal-3 silencing resulted in
loss of tumor cell invasiveness and capacity to form
tube-like structures on collagen (“vasculogenic
mimicry”). cDNA microarray analysis after Gal-3
silencing revealed that Gal-3 regulates the expres-
sion of multiple genes , including endothelial cell
markers that appear to be aberrantly expressed in
highly aggressive melanoma cells , causing mela-
noma cell plasticity. These genes included vascular
endothelial-cadherin , which plays a pivotal role in
vasculogenic mimicry, as well as interleukin-8 , fi-
bronectin-1 , endothelial differentiation sphingo-
lipid G-protein receptor-1 , and matrix metallopro-
teinase-2. Chromatin immunoprecipitation assays
and promoter analyses revealed that Gal-3 silencing
resulted in a decrease of vascular endothelial-cad-
herin and interleukin-8 promoter activities due to
enhanced recruitment of transcription factor early
growth response-1. Moreover , transient overex-
pression of early growth response-1 in C8161-c9
cells resulted in a loss of vascular endothelial-cad-
herin and interleukin-8 promoter activities and
protein expression. Thus, Gal-3 plays an essential
role during the acquisition of vasculogenic mimicry

and angiogenic properties associated with mela-
noma progression. (Am J Pathol 2008, 173:1839–1852;

DOI: 10.2353/ajpath.2008.080380)

Galectins are a family of well-conserved carbohydrate-
binding proteins with affinity for galactoside-containing
glycoconjugates.1–3 To date, 14 members of the galectin
family have been identified and classified as proto, chi-
mera, or tandem-repeat types according to their struc-
ture.4 Human galectin-3 (Gal-3) is a chimera-type 31-kDa
galactose-binding protein. It consists of a short NH2-
terminal domain, which controls its cellular targeting; a
repetitive collagen-like sequence, which serves as a sub-
strate for matrix metalloproteinases (MMP); and a car-
boxy-terminal domain with a globular structure encom-
passing the carbohydrate-binding motif.5,6

Gal-3 has pleiotropic biological functions depending
on its subcellular location. Extracellular Gal-3 mediates
cell migration, cell adhesion, and cell-to-cell interac-
tions.7 Intracellular Gal-3 inhibits Fas-induced T-cell ap-
optosis,8 as well as epithelial cell apoptotic cell death
induced by staurosporine, cisplatin, or genistein.9–11

Overexpression of Gal-3 in bladder cancer cells activates
the Akt pathway and renders cells resistant to tumor
necrosis factor-related apoptosis-inducing ligand-in-
duced apoptosis.12 In contrast, overexpressed Gal-3
renders breast carcinoma cells resistant to apoptosis,10

but inactivates Akt and sensitizes the cells to tumor ne-
crosis factor-related apoptosis-inducing ligand.13 Over-
all, intracellular Gal-3 is up-regulated during neoplastic
progression and metastasis in several human malignan-
cies, including cancers of the thyroid, colon, liver, and
brain.14–18 Wild-type Gal-3 is capable of malignant trans-
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formation of thyroid follicular cells and human breast
epithelial cells.19 Overexpression of Gal-3 in human
breast carcinoma cells leads to up-regulation of expres-
sion of cyclin D1, members of the c-Jun-NH2-kinase path-
way, MAP3K10 and MAP2K1, keratins 18 and 19, insulin-
like growth factor binding protein 5, MUC5, and �-filamin,
and suppresses the expression of MUC1, integrins �10
and �6, and several collagen genes.20,21 Other signal
transduction genes that are regulated by Gal-3 in breast
cancer cells include protein kinase C�, IP3 receptor,
tumor necrosis factor superfamily member 15, and vas-
cular endothelial growth factor �.21 Gal-3 may be found in
the nucleus as a matrix protein involved in pre-mRNA
splicing22 and may regulate gene expression through
activation of specific transcription factors such as activa-
tor protein 1, nuclear factor of activated T cell, SP1, cyclic
AMP-responsive element binding protein, and thyroid
transcription factor-1.

Previously, we demonstrated that Gal-3 protein over-
expression in human melanoma correlates with meta-
static progression and with negative clinical outcome.23

We showed that, while benign nevi express very little or
no Gal-3, levels of Gal-3 expression increase when these
lesions progress from dysplastic nevi to primary or met-
astatic melanoma.23 Metastatic melanoma remains a fa-
tal disease with a very limited spectrum of therapeutic
modalities, and the metastatic phenotype of melanoma is
associated with the cellular capacity for uncontrolled
growth, resistance to apoptosis, high invasive potential,
effective neoangiogenesis, and cell plasticity. The latter
has been described by Hendrix and her colleagues as
the capacity of highly aggressive melanoma tumor cells
to produce “vasculogenic mimicry” by expressing multi-
ple cellular phenotypes, including endothelium- and ep-
ithelium-associated markers, and forming a vasculo-
genic-like network of matrix-rich patterns when cultured
on a three-dimensional matrix in vitro.24,25 Such matrix-
rich patterned networks have also been found in patients’
melanoma tissues, correlating with an increased risk of
melanoma metastasis that results in a poor clinical out-
come.26 In vivo models demonstrated that these extravas-
cular networks connected physiologically with the host
vasculature in cutaneous melanoma xenografts,27 sug-
gesting that this primitive microcirculation may act both
as a complementary means of tumor perfusion, as well as
an additional conduit for metastasis. This phenomenon is
not unique to melanomas. A growing list of other tumors
appear to form such vessel-like structures, including
breast, prostate, ovarian, and lung carcinomas, and Ew-
ing sarcoma.26–30 On the molecular level, vascular en-
dothelial cadherin (VE-cadherin), EphA2, focal adhesion
kinase, phosphoinositide 3-kinase, and extracellular-reg-
ulated kinases 1 and 2 have been found to regulate
melanoma vascular mimicry as well as melanoma ag-
gressiveness in general.31–36

Here, we report that silencing Gal-3 expression by
small hairpin RNA (shRNA) results in a loss of melanoma
cell tumorigenicity and metastasis, accompanied by im-
pairment of angiogenesis and decreases in invasion and
formation of tube-like structures (ie, vasculogenic mim-
icry). cDNA microarray analysis revealed that Gal-3 me-

diates expression of a large number of genes involved in
tumor angiogenesis and endothelial cell differentiation
and/or vascular mimicry. Thus, we suggest that Gal-3 lies
upstream of several pathways involved in tumor progres-
sion and that it should be considered as a target for
melanoma therapy.

Materials and Methods

Cell Culture

The cell lines DX3 and TXM-40 are low-metastatic human
melanoma cell lines.37,38 TXM-40 cell line was isolated
from brain metastases.38 The human melanoma MeWo
cell line was established in culture from a lymph node
metastasis of a melanoma patient and was kindly pro-
vided to us by Dr. S. Ferrone (New York Medical College,
New York, NY). In nude mice, MeWo cells are tumori-
genic and have low to intermediate metastatic poten-
tial.39 The TXM-13 cell line was established from brain
metastases, and exhibits high metastatic potential in
nude mice.38 The human melanoma cell line WM266–4,
purchased from ATCC, is tumorigenic and metastatic in
nude mice. The highly metastatic A375SM human mela-
noma cell line was established from pooled lung metas-
tases produced by A375-P cells injected i.v. into nude
mice.40 The highly metastatic human melanoma cell line
C8161-c941 was obtained from Dr. Welch (Department of
Pathology, University of Alabama at Birmingham) and
maintained in Dulbecco’s modified essential medium/F12
medium (BRL-GIBCO LifeTechnologies, Rockville, MD)
containing 5% fetal bovine serum (FBS). DX3, TXM-40,
TXM-13, MeWo, WM2664, and A375SM cells were main-
tained in culture as adherent monolayers in Eagle’s min-
imal essential medium supplemented with 10% fetal bo-
vine serum (HyClone, Logan Utah), 20 mmol/L HEPES
buffer, 1� solution of sodium pyruvate, non-essential
amino acids, 100U/ml penicillin, 100 �g/ml streptomycin,
and 2 mmol/L L-glutamine (BRL-GIBCO LifeTechnolo-
gies). Human embryonal kidney 293T cells (Invitrogen,
Carlsbad, CA) were cultured in Dulbecco’s modified es-
sential medium supplemented with 10% FBS. All cells
were mycoplasma free and were kept in a humidified
chamber at 37°C in 5% CO2.

Animals

Female athymic BALB/c nude mice (National Cancer In-
stitute, Frederick Cancer Research Institute, Frederick,
MD) were housed in laminar flow cabinets under specific
pathogen-free conditions and used at age 8 weeks. An-
imals were maintained in facilities approved by the Amer-
ican Association for Accreditation of Laboratory Animal
Care and in accordance with current regulations and
standards of the US Department of Agriculture, Depart-
ment of Health and Human Services, National Institutes of
Health, and institutional regulations. Their use in these
experiments was approved by the Institutional Animal
Care and Use Committee, which designated if the largest
dimension of a subcutaneously injected tumor reached
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1.5 cm, the mice were considered moribund and were
sacrificed in a CO2 chamber.

Tumor Growth and Metastasis

Subcutaneous tumors were produced in athymic BALB/c
nude mice by injecting 2.5 � 105 C8161-c9 cells (single-
cell suspensions, �95% viability by Trypan blue exclu-
sion test) in 0.2 ml HBSS into the right flank of each
mouse. Tumor growth was recorded three times weekly
with a caliper, and calculated as axb2/2 cm3 (a, long
diameter; b, short diameter). Mice were sacrificed 47
days after injection or when the tumor reached 1.5 cm3 in
volume, and tumors were processed for H&E or immuno-
histochemical staining.

To determine metastatic potential, 1 � 106 C8161-c9
tumor cells in 0.2 ml HBSS were injected into the mouse
tail vein. Thirty-five days later, mice were sacrificed, their
lungs were harvested, and the number of macroscopic
surface tumor nodules was counted.

Antibodies

The polyclonal anti-human antibody to Gal-3 was previ-
ously described.9 Goat polyclonal anti-VE-cadherin anti-
body (C-19) and rabbit anti-human early growth re-
sponse-1 (EGR-1) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse IgG1 anti-fi-
bronectin antibody (Fibronectin 610077) and rat anti-
mouse m-CD31 were obtained from BD Biosciences (San
Jose, CA). Rabbit anti-sphingolipid receptor (EDG1/
S1P1) antibody was obtained from GeneTex, Inc. (San
Antonio, TX). Mouse anti-human proliferating cell nuclear
antigen (PCNA) (PC10) was obtained from Dako Corp.
Rabbit anti-actin was from Sigma-Aldrich (St. Louis, MO).
The following secondary antibodies were used: donkey
anti-goat (Santa Cruz Biotechnology), goat anti-rabbit-
horseradish peroxidase (HRP) and goat anti-rat HRP
(Jackson Immunoresearch, West Grove, PA), rat anti-
mouse IgG2a HRP (Serotec/Harlan Bioproducts, Indi-
anapolis, IN), and donkey anti-rabbit IgG HRP and
sheep anti-mouse IgG HRP (GE Health care UK LTD,
Piscataway, NJ).

Western Blot Analysis

Total cell extracts were analyzed by 10% and 13%
SDS-polyacrylamide gel electrophoresis as described
previously.42

Transient Transfection of Small-Interfering RNA

The cells were grown to 60% confluency in 6-well plates
and transiently transfected with different Gal-3 small-in-
terfering RNA constructs purchased from Dharmacon
(Lafayette, CO) or a non-targeting (NT) construct with no
known homology to any human gene (Qiagen, Valencia,
CA) using RNAifect Reagent (Qiagen) according to the
manufacturer’s instructions. Seventy-two hours after

transfection, the cells were analyzed for Gal-3 expres-
sion. Successful knockdown of Gal-3 expression was
achieved with the small-interfering RNA construct target-
ing the following sequence of Gal-3 cDNA: 5�-CGCGTC-
CCCGTACAATCATCGGGTTAAATTCAAGAGATTCAA-
GAGATTTAACCCGATGATTGTACTTTTTGGAAAT-3�. This
sequence was used subsequently for construction of
shRNA.

Gal-3 Silencing with Lentiviral shRNA

Sense and antisense oligonucleotides from the Gal-3
small-interfering RNA sequence specified above and
from the NT sequence were designed with a hairpin and
sticky ends (ClaI and Mlu1) for use with the pLVTHM
vector, which was developed and kindly provided by Dr.
Didier Trono.43 pLVTHM is an HIV-based lentivirus vec-
tor, which expresses the green fluorescence protein un-
der control of the Ef1-� promoter. The H1 polymerase III
promoter is used to drive shRNA expression. The oligo-
nucleotides were annealed into the lentiviral gene trans-
fer vector by using the ClaI and MluI restriction enzyme
sites. Competent E. coli bacteria were transformed with
the annealed lentiviral vector. After DNA isolation and
sequence verification, a lentivirus was produced by
transfecting human embryonal kidney 293FT cells with
the pLVTHM vector, the packaging plasmid (MD2G) and
envelope plasmid (PAX2) required for viral production.
Three days later, the viral supernatant was collected and
filtered to remove cellular debris. The highly metastatic
and Gal-3-positive C8161-c9 cells were plated at 70%
confluency in a 6-well plate and infected with the virus.
After 16 hours, the virus-containing medium was re-
moved and replaced with normal growth medium. Cells
were grown and enriched to form a pooled population
based on the high expression of green fluorescence
protein (top 30%) as measured by flow cytometry. Cell
sorting was conducted in a fluorescence-activated cell
sorting ARIA flow cytometer (BD Biosciences).

Reporter Constructs and Luciferase Activity
Assays

The VE-cadherin promoter region (nucleotides �515 to �
24 from the transcription initiation site) was amplified from
C8161-c9 genomic DNA using the following primers:
forward, 5�-GGGTACCAGCCAGCCCAGCCCTCACAAA-
GG-3�; reverse, 3�-CCCAAGCTTTGTCCGTCCAGGGCT-
GAGCGTGAGTG-5�. The fragment was digested with KpnI
and HindIII and ligated into the pGL3-basic vector (Pro-
mega, Madison, WI). The interleukin 8 (IL-8) promoter re-
porter construct (nucleotides �133 to � 44 from the tran-
scription initiation site) was cloned into the pGL2-basic
plasmid (Promega) as described previously.44 Transient
transfections were performed by using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. A
total of 25 � 103 cells/well in a 24-well plate were trans-
fected with 0.5 �g of the basic pGL3/pGL2 expression
vector with no promoter or enhancer sequence or with 0.5
�g of the pGL3-VE-cadherin or pGL2-IL-8 firefly luciferase
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expression construct or a combination of reporter con-
structs. For each transfection, 30 ng of cytomegalovirus
(CMV)-driven renilla luciferase reporter construct (pRL-
CMV, Promega) was included. After 6 hours, the transfec-
tion medium was replaced with serum-containing growth
medium. After 72 hours, the cells were harvested and sub-
jected to lysis, and the luciferase activity was assayed by
using a dual luciferase reporter assay system (Promega) as
instructed by the manufacturer. The luciferase lumines-
cence (relative light intensity � 106) was measured with the
LUMIstar reader (BMG Labtech, Durham, NC). The ratio of
firefly luciferase activity to CMV-driven renilla luciferase ac-
tivity was used to normalize for differences in transfection
efficiency among samples.

Enzyme-Linked Immunosorbent Assay

Tumor cells (2 � 105) were plated in 6-well plates. When
the cultures reached 70% to 80% confluency, fresh me-
dium was applied and collected after an additional 24-
hour incubation period, then clarified of cells and cell
debris by centrifugation. The cells were harvested with
trypsin-EDTA and counted. The conditioned medium
samples were stored at �20°C for later analysis, or used
immediately for measurement of IL-8, using an enzyme-
linked immunosorbent assay (ELISA), following the proce-
dure recommended by the manufacturer (R&D Systems,
Minneapolis, MN). IL-8 concentration was calculated as the
average of the three wells and expressed as picograms of
IL-8 protein/�g total protein.

Invasion Assay through Matrigel

Invasion assay was performed by using Biocoat Matrigel
invasion chambers (Becton-Dickinson, San Jose, CA)
primed according to the manufacturer’s directions. A
solution of 5% FBS in Dulbecco’s modified essential me-
dium was placed in the lower well to act as a chemoat-
tractant, and 2.5 � 103 melanoma cells in 500 �l of
serum-free medium were placed in the upper chamber of
the Matrigel plate and incubated at 37°C for 22 hours.
Cells on the lower surface of the filter were stained with
Diff-Quick (American Scientific Products, McGraw Park,
IL) and quantified with an image analyzer (Optimas 6.2)
attached to an Olympus CK2 microscope. The data were
expressed as the average number (�SD) of cells from
eight fields that migrated to the lower surface of the filter.
Data were collected from three separate experiments.

cDNA Microarray Analysis

Microarray analysis was performed by using a human
Genome U133 Plus 2.0 Array featuring a total of 37,000
different human genes (Affymetrix, Santa Clara, CA). The
microarrays were produced in the microarray core facility
of Codon Bioscience (Houston, TX). Total RNA was iso-
lated from NTshRNA and Gal-3shRNA knockdown cells
with the Clontech Advantage RT-for-PCR Kit (Mountain
View, CA) according to the manufacturer’s instructions.

The data were analyzed by using the Affymetrix pro-
gram. The raw data were normalized per spot and per
chip with intensity-dependent (Lowess) normalization
(10% percentage of the data used for smoothing). Low
hybridization signals were removed to yield an average of
794 genes expressed differently in control and knock-
down cells. A threefold decrease or increase was chosen
as the cutoff level to limit the number of false-positive
results.

Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation (ChIP) assay was
performed by using the reagents provided in the ChIP-IT
kit purchased from Active Motif (Carlsbad, CA). Briefly,
cells were treated with 1% formaldehyde, and 0.125 M
glycine was added. The cells were pelleted and resus-
pended in a hypotonic buffer, and cell nuclei were iso-
lated by using a Douncer homogenizer. The nuclear frac-
tion was then sheared into 200- to 1000-bp fragments
with an enzymatic shearing cocktail. Nuclear lysates
were diluted 10-fold in immunoprecipitation buffer and
precleared with salmon sperm DNA-protein G agarose
slurry. Fractions of chromatin solutions were incubated
overnight at 4°C with 6 �g of anti-EGR-1 or IgG control
antibodies crosslinked to magnetic beads. The immune
complexes were then eluted from the magnetic beads,
and proteins were reverse-crosslinked in 5M NaCl and
ChIP buffer 2 at 65°C for 2.5 hours. Proteins were di-
gested with 2 �l of proteinase K at 37°C for 1 hour,
extracted in elution buffer, and analyzed by PCR. The
input DNA had to be purified by phenol/chloroform ex-
traction and ethanol precipitation using 20 mg/ml glyco-
gen as a carrier. A 327-bp fragment spanning the �303
to � 24 region of the VE-cadherin promoter was amplified
by PCR using primer sequences 5�-CC CAGCCACAAAG-
GAACAATA-3� and 5�-TGTGGGCTGAGGGATGTTTCT-
GTT- 3�. A 177-bp fragment spanning the �133 to �44
region of the IL-8 promoter was amplified by PCR using primer
sequences 5�-AAGTGTGATGACTCAGGTTTGCCC-3� and
5�-ATGGTT CCTTCCGGTGGTTTCTTC-3�.

The PCR conditions were the same for all primers; the
DNA was subjected to an initial denaturation step for 3
minutes at 94°C, followed by 35 cycles of denaturation for
20 seconds at 94°C, annealing at 55°C for 30 seconds,
and extension at 72°C for 30 seconds. Each reaction was
then subjected to a final extension time of 10 minutes at
72°C. PCR products were analyzed on a 3% agarose gel
containing ethidium bromide and visualized under UV
light.

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections were depar-
affinized by sequential washing with xylene, graded eth-
anol, and PBS. Antigens were retrieved by heating in a
steam cooker in 1� Target Retrieval Solution (Dako) for
30 minutes. After the sections were cooled and washed
with PBS, endogenous peroxide was blocked with 3%
hydrogen peroxidase inhibitor in PBS for 12 minutes.
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Nonspecific proteins were blocked in 5% horse serum
and 1% goat serum for 20 minutes. Slides were incu-
bated overnight at 4°C with Gal-3 (1:1000), IL-8 (1:25;
Biosource International, Camarillo CA), or MMP-2 (1:400;
Chemicon, Temecula, CA) antibody, and then with a
peroxidase-labeled anti-rabbit antibody (1:500; Jackson
Immunoresearch) for 1 hour at room temperature. Signal
was detected with 3,3�-diaminobenzidine (Phoenix Bio-
technologies, San Antonio, TX) substrate for 6 minutes,
and the slides were then counterstained with Gill’s no. 3
hematoxylin (Sigma) for 20 seconds.

Tube-Like Formation Assay on Three-
Dimensional Type I Collagen Gels

Twenty-four-well plates were coated with 250 �l of type I
collagen (3 mg/ml; Collaborative Biomedical, Bedford,
MA) to create a three-dimensional type I collagen gel as
described elsewhere.25,45 Melanoma cells (2.5 � 105)
were plated on top of the collagen layer in 3 ml of medium
containing 5% FBS and left to grow in culture until they
formed three-dimensional networks. Live cells were then
photographed unstained using an inverted bright-field
microscope (Leica, Wetzlar, Germany) attached to an
Optronics Camera, and the pictures were analyzed with
Optima software.

Zymography

MMP-2 activity was determined on substrate-impreg-
nated gels as previously described,42 with minor modifi-
cations. Approximately 5 � 103 melanoma cells were
plated in 6-well dishes and allowed to attach for 24 hours,
then the medium (normal growth medium with 10% FBS)
was removed and replaced with serum-free medium
overnight. The supernatants were collected, their volume
adjusted to the cell number, and a total of 60 �l of super-
natant was loaded on gelatin-impregnated (1 mg/ml;
Sigma) SDS-8% polyacrylamide gel and separated under
nonreducing conditions. As a positive control, 10% FBS
in normal growth medium was used. For negative control,
serum-free medium was used.

Plates were shaken for 1 hour in 2.5% Triton X-100
(Fisher Scientific, Fair Lawn, NJ) to remove all of the SDS
from the gels. Plates were then removed and the gels
were incubated for 16 hours at 37°C in 50 mmol/L Tris,
0.2 M NaCl, 5 mmol/L CaCl2, and 0.002% Brij 35 (w/v) at
pH 7.6. At the end of the incubation, the gels were
stained with 0.5% Coomassie G 250 (Bio-Rad, Hercules,
CA) in methanol/acetic acid/H2O (30:10:60). The intensi-
ties of the various bands were determined through quan-
tification of a scanned image.

Statistical Analysis

The Student’s t-test was used to evaluate the in vitro data.
Statistical analysis on the results of animal studies was
performed using the Mann-Whitney U-tests. Values for

tumor growth are given as mean � SD. P values less than
0.05 are considered statistically significant.

Results

Gal-3 Silencing Using shRNA and Lentiviral
Delivery

Using a melanoma progression tissue microarray, we
previously identified Gal-3 as a marker for melanoma
progression.23 We showed that, while benign nevi ex-
press very little or no Gal-3, levels of Gal-3 increase when
the lesions progress from dysplastic nevi to primary or to
metastatic melanoma.23 Importantly, Gal-3 protein over-
expression in human melanoma correlates with negative
disease outcome.23 Therefore, we first wanted to exam-
ine whether this correlation also exists in melanoma cell
lines with different metastatic potentials in nude mice. As
shown in Figure 1A, Gal-3 expression in cultured mela-
noma cell lines correlated with their in vivo metastatic
potential. The low-metastatic-potential melanoma cell
lines DX-3 and TXM-40 expressed less Gal-3 than the
highly metastatic melanoma cells (TXM-13, MeWo,
WM2664, A375SM, and C8161-c9).

To delineate the role of Gal-3 in melanoma growth
and metastasis, we silenced Gal-3 expression in
C8161-c9 metastatic melanoma cells using lentiviral
delivery of shRNA. C8161-c9 is capable of forming
vessel-like tube structures in collagen.25 The cells
were transduced with the pseudovirus containing ei-
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Figure 1. Western blot analysis for the expression of Gal-3 in melanoma cell
lines (A) and in C8161-c9 cells after Gal-3 silencing with small hairpin RNA
(shRNA) (B). A: Western blot analysis shows a direct correlation between
Gal-3 expression and the metastatic potential of the cell lines tested (low
metastatic potential: DX-3, TXM-40; intermediate to highly metastatic: MeWo,
TXM-13, WM2664, A375SM, C8161-c9). B: C8161-c9 cells were transduced
with lentivirus containing either nontargeting shRNA (NTshRNA) or Gal-3
shRNA (Gal-3shRNA). Western blot analysis using anti-Gal-3 antibody con-
firmed that Gal-3 expression was at least 80% lower in Gal-3shRNA C8161-c9
cells than in parental C8161-c9 cells or those transduced with NTshRNA.
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ther green fluorescence protein-labeled NTshRNA-ex-
pressing plasmid construct or green fluorescence pro-
tein-labeled Gal-3-targeting shRNA construct. Gal-3
protein expression was 80% lower in the cells transfected
with the Gal-3 silencing construct than in C8161-c9 parental
cells or cells transduced with NTshRNA control vector (Fig-
ure 1B).

Effect of Gal-3 Silencing on Melanoma Growth
and Metastasis in Vivo

To monitor growth of the highly metastatic C8161-c9 cells
before and after Gal-3 knockdown, C8161-c9 parental,
C8161-c9 NTshRNA, or C8161-c9 Gal-3shRNA cells
were injected subcutaneously into nude mice; tumor
growth was monitored for 31 days. Gal-3 knockdown
resulted in a 50% significant inhibition of tumor growth, as
shown in Figure 2. In mice injected with Gal-3shRNA
cells, no increase in tumor volume was detected until day
21. After day 21 tumors did grow, but at a significantly
slower rate than in mice injected with control NTshRNA or
parental cells (P � 0.006).

The metastatic potential of C8161-c9 cells was tested
before and following Gal-3 silencing using the experi-
mental lung metastasis assay. Silencing Gal-3 expres-
sion in the C8161-c9 cells resulted in a significant de-
crease in the number of melanoma lung metastases. As
shown in Table 1, the median for C8161-c9 NTshRNA

cells was more than 200 metastases per mouse (range 9
to �200, n � 6), while for C8161-c9 Gal-3shRNA cells,
the median was 22 metastases (range, 3 to 46, n � 8, P �
0.01). The incidence in both groups (number of mice
developing metastases) remained at 100%.

Effect of Gal-3 Silencing on in Vivo Tumor Cell
Proliferation, Apoptosis, and Microvessel
Density

To understand the mechanism of inhibition of tumor
growth after Gal-3 silencing, tumor specimens that de-
veloped following subcutaneous tumor cell injections
were analyzed for expression of markers of proliferation
and angiogenesis. H&E staining revealed that C8161-c9
Gal-3shRNA tumors acquired a halo-like morphology,
whereas parental or NTshRNA control tumors were more
epithelioid (Figure 3). The significance of this morpholog-
ical observation, however, is still unclear. Immunohisto-
chemical staining using an anti-Gal-3 antibody revealed
very low Gal-3 expression levels in the Gal-3shRNA tu-
mors as compared to C8161-c9 parental and NTshRNA
tumors (Figure 3). This confirmed that Gal-3 was still
silenced in the tumor cells 35 days after inoculation into
mice. Simultaneously, the percentage of proliferating
(PCNA-positive) cells was strongly down-regulated (2.6-
fold) in the Gal-3–silenced tumors but not in the C8161-c9
parental or NTshRNA tumors (P � 0.003 NTshRNA ver-
sus Gal-3shRNA; Figure 3 and Figure 4A). However, the
4,5-dimethylthiazol tetrazolium bromide assay revealed
no difference in the in vitro cell proliferation (data not
shown). In parallel with the decrease in the number of
proliferating cells, a ninefold increase in the number of
apoptotic cells was observed after Gal-3 silencing (P �
0.05, NTshRNA versus Gal-3shRNA; Figure 3 and Fig-
ure 4B).

A decrease in in vivo cell proliferation and a concom-
itant increase in the number of apoptotic cells in the
absence of changes in in vitro cell proliferation sug-
gested that Gal-3 silencing might have affected tumor
angiogenesis. Indeed, a notably lower microvessel
density, as judged by CD31 staining, was observed in
vivo in the Gal-3shRNA tumors than in the parental and
NTshRNA tumors (Figure 3). Quantitative measurement
of the CD31-positive vessels revealed significantly
(2.4-fold) fewer vessels in the Gal-3shRNA tumor spec-
imens than in NTshRNA tumors (P � 0.01; Figure 4C).
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Figure 2. The effect of Gal-3 silencing on growth of C8161-c9 melanomas.
Parental C8161-c9 cells, NTshRNA-expressing C8161-c9 cells, or Gal-3shRNA-
expressing C8161-c9 cells were injected subcutaneously into the flanks of
athymic nude mice. Tumor size was measured three times per week. Data are
presented as mean tumor volume (cm3) �SD Gal-3 silencing resulted in a
decrease in Gal-3shRNA C8161-c9 tumor growth in vivo but not in growth of
parental or NTshRNA C8161-c9 tumors (P � 0.006).

Table 1. Experimental Lung Metastasis after i.v. Injection of C8161-c9 NTshRNA and C8161-c9 Gal-3shRNA Melanoma Cells

Cells injected
Median

(number of metastases) Range (number of metastases)
Incidence

(number of mice with metastasis)

NTshRNA �200 9 to �200 (9, 89, �200, �200, �200, �200) 6 out of 6
Gal-3shRNA 22* 3 to 46 (3, 9, 14, 22, 23, 27, 41, 46) 8 out of 8

Female athymic BALB/c nude mice were injected into the lateral tail vein with 1 � 106 tumor cells and the number of lung metastases was
determined 35 days later. Silencing of Gal-3 resulted in an almost 90% decrease in the median number of metastases when compared with NTshRNA
control cells.

*P � 0.01.

1844 Mourad-Zeidan et al
AJP December 2008, Vol. 173, No. 6



Effect of Gal-3 Silencing on in Vitro Tumor Cell
Invasion and Formation of Tube-Like Structures

The highly aggressive melanomas are characterized by
their strong propensity for invasion, migration, prolifera-
tion, and vascular mimicry. The latter is defined as the
ability of the tumor cells to mimic endothelial cells and
form embryonic-like, patterned vasculogenic-like net-
works. C8161 melanoma cells have been reported to
form tube-like structures in three-dimensional cultures in
vitro.46 Notably, C8161 is a cell line capable of forming
spontaneous metastases in mouse models.47 To gain
further insights into the protumorigenic and prometastatic
potential of Gal-3, we studied the effect of its silencing on
these cells’ capacity for invasion, migration, and tube-like
formation in vitro. As shown in Figure 5A, Gal-3 silencing
in the more aggressive C8161-c9 cells resulted in a
threefold inhibition in their invasion capability through
Matrigel-coated filters (P � 0.003, NTshRNA versus Gal-
3shRNA). In a three-dimensional type I collagen gel cre-
ated to examine the ability of the cells to form vasculo-
genic-like networks, only the highly metastatic C8161-c9
parental and NTshRNA cell lines could form tube-like
structures (Figure 5B). The characteristic pattern of tube-
like networks could not be formed in cells after Gal-3
silencing (Figure 5B). These data suggest that Gal-3
contributes to the highly aggressive phenotype of mela-
noma by mediating tumor cell invasion and vasculogenic
mimicry.

Identification of Novel Gal-3 Downstream Target
Genes by cDNA Microarray Analysis after Gal-3
Silencing

To understand the molecular mechanisms responsible
for the effects of Gal-3 on tumor growth and metastasis,
an Affymetrix cDNA array analysis was performed com-
paring C8161-c9 NTshRNA and C8161-c9 Gal-3shRNA
cells. Overall, the expression of 794 genes had been
altered by Gal-3 silencing: 567 genes were down-regu-
lated and 227 up-regulated. Notably, Gal-3 knockdown
had a negative impact on the expression of endothelial

Figure 3. Immunohistochemical staining of in vivo C8191-c9 parental, NT-
shRNA, and Gal-3shRNA tumors for Gal-3, PCNA, CD31, and terminal de-
oxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)-posi-
tive (apoptotic) cells. Magnification � original �20. Immunohistochemical
studies were performed with frozen or paraffin-embedded tumors. Antigen-
positive cells are stained brown (diaminobenzidine) with the exception of
the TUNEL assay, in which the apoptotic cells are indicated by green fluo-
rescence. Representative H&E images show changes in morphology of
C8161-c9 cells toward the epithelial phenotype after Gal-3 silencing, and
confirm the down-regulation of Gal-3 expression in Gal-3shRNA tumors.
Immunohistochemical staining further reveals a decrease in the number of
PCNA-positive cells with concomitant increase in apoptotic cells. Fewer
vessels (CD31-positive cells) were detected in C8161-c9 tumors after Gal-3
silencing.

Figure 4. Quantitative measurements of PCNA expression (A), apoptotic cells (TUNEL) (B), and microvessel density (CD31-positive cells) (C) in C8191-c9
parental, NTshRNA, and Gal-3shRNA tumors. Tumor sections were obtained as in Figure 3. A: Silencing Gal-3 resulted in 2.6-fold fewer proliferating
(PCNA-positive) cells in Gal-3shRNA tumors than in NTshRNA tumors (*P � 0.003). The percentage of PCNA-positive cells was determined and is presented as
the mean � SD of 10 fields in each of seven tumors per group. B: TUNEL assay showed a marginally significant increase in cell apoptosis in Gal-3shRNA tumors
as compared to C8161 parental and NTshRNA tumors (*P � 0.05). The number of TUNEL-positive cells was calculated as a mean � SD of 10 fields in each of
7 tumors per group. C: microvessel density analysis demonstrated a significant, 2.3-fold down-regulation in the number of CD31-positive cells in Gal-3shRNA
tumors as compared to NTshRNA tumors (*P � 0.01). Microvessel density was determined as a mean � SD of CD31-positive cells in four fields in each of seven
tumors per group.
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cell markers, including VE-cadherin (3.6-fold down-regu-
lation), IL-8 (13-fold), fibronectin-1 (9.6-fold), and EDG-1
(4-fold). We used a threefold cutoff to select the target
genes (Table 2). The majority of these genes, especially
IL-8 and VE-cadherin, have been implicated previously in
tumor angiogenesis or melanoma vascular mimicry.

To validate the results of microarray analysis, we si-
lenced Gal-3 expression in a second highly metastatic
melanoma cell line—A375SM (Figure 6A). The down-
regulation of target genes was confirmed by Western blot
analysis in both C8161-c9 and A375SM cell lines after
Gal-3 silencing (Figure 6A). Similarly to C8161-c9 cells, in
A375SM cells, the expression of Gal-3 was down-regu-
lated by 80% (Figure 6A). The level of VE-cadherin ex-
pression was sixfold lower in C8161-c9 Gal-3shRNA cells
than in C8161-c9 NTshRNA cells (Figure 6A). However,
the level of VE-cadherin expression was undetectable
in the A375SM parental and NTshRNA cells (Figure 6A).
This is consistent with our observation that A375SM cells
do not form tube-like structures in the 3-D collagen cul-
tures in vitro (data not shown). Expression of EDG-1 was
decreased by 1.85-fold and 1.7-fold in C8161-c9 and
A375SM cells after Gal-3 silencing, respectively. Expres-
sion of fibronectin-1 was decreased by 5.0-fold in both
cell lines (Figures 6A).

Reverse-transcriptase PCR analysis demonstrated a
threefold lower expression level of IL-8 mRNA in the
C8161-c9 and A375SM cells after Gal-3 silencing (Figure
6B). Furthermore, the concentration of IL-8 was moni-
tored in the C8161-c9 cells’ supernatant using ELISA
before and after Gal-3 silencing. The level of this se-
creted chemokine was threefold lower in C8161-c9 Gal-

3shRNA cells than in NTshRNA control cells (P � 0.01,
Figure 6C).

We previously demonstrated that IL-8 regulates the
expression of MMP-2 protein. In our gene array experi-
ments in C8161-c9 cells, we found that MMP-2 was
down-regulated as a result of Gal-3 silencing, although
this down-regulation was lower than the threefold cutoff
value. Western blot analysis demonstrated that MMP-2
expression was indeed down-regulated in C8161-c9 and
A375SM cells after Gal-3 silencing by 3 and 1.4 times,
respectively (Figure 6D). Furthermore, gelatin zymogra-
phy experiments confirmed that MMP-2 activity was sig-
nificantly inhibited in the C8161-c9 Gal-3shRNA cells
(Figure 6D).

In addition to in vitro studies, we sought to determine
whether Gal-3 silencing resulted in down-regulation of
VE-cadherin, IL-8, and MMP-2 in in vivo C8161-c9 tumors.
Figure 6E demonstrates that, indeed, substantial losses
of IL-8, MMP-2, and VE-cadherin expression occurred in
vivo concomitantly with Gal-3 silencing. In addition, we
found that levels of fibronectin-1 expression correlated
with the levels of expression of Gal-3, and increased with
the metastatic potential of the tested melanoma cell lines
(Figure 6F).

Therefore, cDNA microarray analysis and its validation
in Gal-3–silenced cells revealed a group of novel Gal-3
target genes with potential roles in angiogenesis and
vascular mimicry. All corresponding protein products
have been found to be down-regulated in the two in vitro
cell lines and in the in vivo tumor xenografts. To further
delineate the effect of Gal-3 on melanoma growth and
metastasis, we decided to concentrate on the VE-cad-
herin and IL-8 genes.

Mechanism of Gal-3-Mediated Expression of
VE-Cadherin and IL-8

To determine whether Gal-3 affected the expression of
VE-cadherin and IL-8 on the transcription level, VE-cad-
herin and IL-8 promoter reporter constructs were engi-
neered that span the regions from �505 to �24 bp and
�133 to �44 relative to transcription start site for VE-
cadherin and IL-8, respectively. Decreases in the activi-
ties of VE-cadherin and IL-8 promoter constructs, 1.5-fold
and 1.6-fold, respectively, were detected in C8161-c9

Figure 5. Gal-3 silencing inhibits the invasive properties of C8161-c9 cells (A) and abrogates their ability to form tube-like structures in a three-dimensional
environment (B). A: 25 � 103 parental C8161-c9 or NTshRNA- or Gal-3shRNA-expressing cells were plated in Matrigel-coated filters and were allowed to migrate
for 24 hours. Results are expressed as a mean number of invading cells in three chambers per group. B: Cells were grown in a three-dimensional type I collagen
gel as described in Materials and Methods. Live, unstained cells were photographed to visualize the vasculogenic networks (black). Magnification � original �20.
Highly metastatic melanoma cells showed the ability to form tube-like structures only in the presence of Gal-3, not in Gal-3shRNA cells.

Table 2. Genes that Were Differentially Expressed after
Silencing of Gal-3 in C8161-c9 Cells, as Identified
by Affymetrix cDNA Microarray Analysis

Gene
Fold

down-regulation

Interleukin-8 13
Fibronectin-1 9.6
Endothelial differentiation sphingolipid

G-protein receptor-1 (EDG-1)
4

Vascular endothelial (VE)-cadherin 3.6

A loss of expression of endothelial cell differentiation markers by
melanoma cells was identified (VE-cadherin, Fibronectin-1, EDG-1), as
well as a decrease in the production of the angiogenic factor IL-8.
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Figure 6. In vitro and in vivo validation of novel downstream gene targets of Gal-3. A: Western blot analysis demonstrated a decrease in the expression of Gal-3
as well as VE-cadherin (in C8161-c9 cells), EDG-1, and fibronectin-1 in C8161-c9 and A375SM cells after Gal-3 silencing. Values are ratios of the protein expression
relative to actin expression as obtained by densitometric analysis. B: Reverse-transcriptase PCR for the expression of IL-8 in C8161-c9 and A375SM cells confirmed
down-regulation of IL-8 expression in Gal-3shRNA cells as compared to parental or NTshRNA-expressing cells. Glyceraldehyde-3-phosphate dehydrogenase was
amplified in the same reaction to verify equal loading. The gels are representative of three independent experiments. C: Effects of Gal-3 silencing on the secretion
of IL-8 by C8161-c9 melanoma cells as determined by ELISA. The ELISA assay shows a significant reduction of IL-8 release (*P � 0.001) in Gal-3shRNA cells as
compared with the parental or NTshRNA-expressing cells. D: Western blot analysis in C8161-c9 and A375SM cells, and zymography gel analysis in C8161-c9 cells
demonstrating the decrease in expression and activation of pro-MMP-2 after Gal-3 silencing. 10% FBS was loaded and used as a positive control. The gels are
representative of three independent experiments. E: Typical immunohistochemical staining of subcutaneously grown C8161-c9 parental, NTshRNA-expressing
and Gal-3shRNA-expressing tumors confirmed decreases in the expression of Gal-3 target proteins IL-8, MMP-2, and VE-cadherin. F: Western blot analysis of the
expression of fibronectin-1 in the panel of human melanoma cell lines, showing correlation with the levels of expression of Gal-3 in Figure 1A.
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cells after Gal-3 silencing (P � 0.05 and P � 0.05 for
VE-cadherin and IL-8, respectively; Figures 7A and B).
This suggests that Gal-3 regulates the expression of
these genes on the level of their transcription.

To investigate potential transcription factors down-
stream of Gal-3, we mapped the corresponding promoter
areas of VE-cadherin and IL-8 for possible interaction
with transcription factors using publicly available soft-
ware. Within the 600-bp or 133-bp region from the tran-
scription initiation site of the VE-cadherin and IL-8 pro-
moters, respectively, the highest number of putative
binding sites was recorded for transcription factor
EGR-1. The binding of EGR-1 to the VE-cadherin and IL-8

promoters was further investigated using the ChIP assay.
EGR-1 binding in the C8161-c9 Gal-3shRNA cells was
up-regulated relative to that in the NTshRNA cells (Figure
7C). No increase in HDAC 1 or 2 binding to the VE-
cadherin or IL-8 promoters was observed by ChIP after
Gal-3 silencing (data not shown).

Finally, we sought to determine whether transient over-
expression of EGR-1 would affect the expression of VE-
cadherin and IL-8. Figure 8A demonstrates that VE-cad-
herin expression decreased dramatically, approximately
fourfold, in C8161-c9 cells after transfection of 1.2 or 3.2
�g of EGR-1 cDNA expression vector. Similarly, EGR-1
caused a significant decrease in IL-8 secretion, as ob-

Figure 7. Effect of Gal-3 silencing on the activity of the promoter reporters of VE-cadherin (A) and IL-8 (B), and the in vivo binding of EGR-1 transcription factor
to the promoters of these genes (C). NTshRNA- or Gal-3shRNA-expressing C8161-c9 cells were transfected with the pGL3-basic (empty vector), the pGL3-VE-
cadherin promoter-driven vector and pRL-CMV control vector (A) or the pGL3-IL-8 promoter-driven vector and pRL-CMV control vector (B). Luciferase activity
was assayed 72 hours later using a dual luciferase reporter assay system. Gal-3 silencing resulted in a decrease in the VE-cadherin promoter-driven and IL-8
promoter-driven luciferase activities. Results are means from triplicate samples � SD C: ChIP analysis of the binding of EGR-1 transcription factor to the promoters
of VE-cadherin and IL-8. PCR amplification of a 200-bp region of the VE-cadherin or IL-8 promoter from input DNA, DNA immunoprecipitated by anti-EGR-1
antibody, or DNA immunoprecipitated by control IgG antibody from Gal-3shRNA knockdown cell line compared to NTshRNA cells. The increase in EGR-1
recruitment to the promoters of VE-cadherin and IL-8 was observed after Gal-3 silencing. Results shown are representative gels of at least three independent
experiments.

Figure 8. Effect of EGR-1 overexpression on
VE-cadherin and IL-8 expression (A, B) and pro-
moter activity (C, D). A: Western blot analysis of
EGR-1 and VE-cadherin expression in parental
C8161-c9 cells after transient transfection (72
hours) of 1.2 or 3.2 �g of pcDNA3.1-EGR-1-HA
expression vector construct. Overexpression of
EGR-1 resulted in dramatic down-regulation of
VE-cadherin expression. B: ELISA for IL-8 after
EGR-1 overexpression. C and D: Dual luciferase
promoter reporter analysis of VE-cadherin (C)
and IL-8 (D) promoter activities in parental
C8161-c9 cells after transient transfection (72
hours) of the pcDNA3.1-EGR-1-HA expression
vector construct. EGR-1 overexpression resulted
in a significant (*P � 0.01) decrease in the ac-
tivity of VE-cadherin and IL-8 promoters.
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served by ELISA (Figure 8B). Promoter reporter experi-
ments demonstrated that this diminution was due to a
direct effect of the EGR-1 on the promoter activity of both
genes (Figure 8, C and D). Taken together, our data
demonstrate that Gal-3 affects the expression of VE-
cadherin and IL-8 by a common mechanism, which in-
volves inhibition of EGR-1 binding to the promoters of
both genes.

Discussion

Gal-3 is a galactoside-binding lectin with pleiotropic
functions. To establish its effect on melanoma tumor
growth and progression, we silenced its expression and
conducted a series of in vivo studies, which showed that
the tumorigenic and metastatic potential of highly ag-
gressive C8161-c9 melanoma cells is significantly im-
paired in the absence of Gal-3. Further analysis revealed
a large decrease in in vivo, but not in vitro, tumor cell
proliferation with concomitant increase in the number of
apoptotic cells in tumors that developed from Gal-3–
silenced melanoma cells. These effects could be ex-
plained by severely impaired in vivo tumor angiogenesis
and a substantial decrease in in vitro invasion through
Matrigel-coated filters. In addition, silencing Gal-3 led to
impairment of the ability of C8161-c9 cells to form tube-
like structures when plated on a three-dimensional type I
collagen gel. This suggests that Gal-3 influences the
stem cell-like plasticity of melanoma cells, which is de-
scribed as the ability of melanoma cells to resemble
endothelial cells phenotypically and functionally and to
transdifferentiate into endothelial cells within the tumor
microenvironment.25,45

To further investigate the possible effect of Gal-3 on
gene expression in melanoma, a cDNA microarray anal-
ysis was performed comparing C8161-c9 cells before
and after Gal-3 silencing. The validation of the cDNA
microarray analysis demonstrated that silencing Gal-3
expression resulted in a loss of expression of a number of
endothelial cell differentiation markers by melanoma cells
including VE-cadherin, IL-8, fibronectin-1, and EDG-1.
Most of these downstream targets were validated in a
second cell line after Gal-3 silencing. Indeed, all of these
molecules can be implicated in either tumor neoangio-
genesis or vascular mimicry.

VE-cadherin, also known as cadherin-5 or CD144, is a
Ca2�-dependent adhesion molecule expressed in the
endothelial adherent junctions.48,49 Its expression is en-
hanced through the cells homotypic cellular con-
tacts.48,49 VE-cadherin plays a critical role in regulating
vascular morphology and stability, and mouse knockout
is embryonically lethal.50,51 Hendrix and colleagues dem-
onstrated that highly aggressive melanomas express VE-
cadherin, and that its function is central to the formation
of vessel-like structures by melanoma cells.36 They pro-
posed that VE-cadherin promotes the interaction be-
tween focal adhesion kinase and EphA2 through regula-
tion of EphA2’s ability to translocate to the membrane.
Interaction between EphA2 and its membrane-bound li-
gand would result in phosphorylation of EphA2. Phos-

phorylated EphA2 could then form an interaction with
focal adhesion kinase, which would lead to phosphory-
lation and activation of focal adhesion kinase. The signal
transduction pathways activated through VE-cadherin
and EphA2 could converge, resulting in activation of
phosphoinositide 3-kinase. This could then lead to mel-
anoma vasculogenic mimicry via activation of MMP-2,
finally resulting in cleavage of the laminin 5�2 chain.36

Interestingly, knock-down of VE-cadherin results in a dra-
matic redistribution of EphA2 on the cell surface, whereas
EphA2 knockdown has no effect on VE-cadherin,52 sug-
gesting that VE-cadherin and EphA2 activation occurs
sequentially and results in phenotypical changes in mel-
anoma cells. Indeed, although we did not observe a
decrease in the levels of EphA2 in C8161-c9 cells after
Gal-3 silencing, this silencing nevertheless had a delete-
rious effect on the formation of tube-like structures by
melanoma cells.

The cDNA microarray also revealed that levels of the
pro-angiogenic chemokine IL-8 were down-regulated as
a result of Gal-3 knockdown. This effect was validated by
reverse-transcriptase PCR and ELISA in vitro. Further-
more, the decrease in IL-8 levels was confirmed by im-
munohistochemical staining of C8161-c9 in vivo grown
tumors after Gal-3 silencing. Currently, IL-8 is considered
to be one of the most potent angiogenic factors secreted
by melanoma cells.53–55 Multiple mechanisms seem to
be involved in IL-8 action, including direct effects on
tumor and vascular endothelial cell proliferation, angio-
genesis and migration.53,56,57 Tumor cell-secreted IL-8
has been shown recently to act directly on vascular en-
dothelial cells and to serve as their survival factor.54

Tumor-derived IL-8 further induces endothelial cell che-
motaxis in vitro and corneal neovascularization in vivo.57

We demonstrated recently that metastatic melanoma
cells producing IL-8 or primary cutaneous melanoma
(IL-8–negative) transfected with the IL-8 gene displayed
up-regulation of MMP-2 expression and activity and in-
creased invasiveness through Matrigel-coated filters.58

Activation of MMP-2 by IL-8 can enhance the invasion of
host stroma by tumor cells and increase angiogenesis
and, hence, metastasis.58 Our present findings identify
Gal-3 as an important upstream regulator of IL-8 and
MMP-2 expression in melanoma, and provide a molecu-
lar mechanism of its pro-angiogenic and prometastatic
effects.

We also investigated the mechanism of Gal-3–depen-
dent expression of VE-cadherin and IL-8. The promoter
reporter analyses showed that Gal-3 silencing resulted in
inhibition of both genes’ promoter activity. Moreover,
ChIP analysis revealed greater levels of EGR-1 transcrip-
tion factor binding to the promoters of VE-cadherin and
IL-8 in Gal-3shRNA cells than in parental or NTshRNA
cells. No difference in EGR-1 expression was detected
using western blotting. EGR-1, described as a tumor
suppressor, is an 82-kDa phosphoprotein and a member
of the immediate early gene family of transcription factors
that includes EGR-1 to -4 and nerve growth factor induc-
ible factor IB.59–61 It is involved in the regulation of
growth and differentiation through regulation of transcrip-
tion of target genes through GC-rich elements.59 EGR-1
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serves as a bridge between extracellular stimulation re-
leased from growth factors, cytokines, hormones and
environmental stress and the cellular responses associ-
ated with differentiation, proliferation, apoptosis and tis-
sue injury.59,61 Many human tumors, including small cell
lung and breast carcinomas and gliomas, express mod-
erate to no EGR-1, in contrast to their normal tissue
counterparts.62–64 Since EGR-1 has been previously
shown to act as a transcriptional repressor, we hypothe-
sized that its binding to VE-cadherin and IL-8 promoters
in melanoma cells would repress their activity, leading to
a decrease in gene expression. In our experiments, we
did not find any difference in the recruitment of HDAC 1
or 2 to the promoters of these genes after Gal-3 silencing
(data not shown).

To confirm that decreases of VE-cadherin and IL-8
expression were due to increased EGR-1 activity, we
further cloned and overexpressed EGR-1 in C8161-c9
cells. Notably, overexpression of EGR-1 resulted in the
inhibition of VE-cadherin and IL-8 expression and of their
promoter activities. This indicates that EGR-1 may indeed
act as a negative regulator of the VE-cadherin and IL-8
promoters, and that Gal-3 acts upstream to prevent
EGR-1 binding.

In addition to VE-cadherin and IL-8, Gal-3 silencing
negatively affected expression of the fibronectin-1 and
EDG-1 genes. Fibronectin-1 is a glycoprotein present in a
soluble dimeric form in plasma, and in a dimeric or mul-
timeric form at the cell surface and in extracellular matrix.
Fibronectin is involved in cell adhesion and migration
processes, including embryogenesis, wound healing,
blood coagulation, host defense, and metastasis.65–68

Interference with tumor cell binding to fibronectin sub-
strate interferes with cell functions such as adhesiveness,
motility, and invasiveness in the cellular adhesive pro-
cess of metastasis.67 EDG-1 protein is also highly ex-
pressed in endothelial cells, where it binds the ligand
sphingosine-1-phosphate, and is suggested to be in-
volved in the processes that regulate differentiation of
endothelial cells.69,70 Activation of EDG-1 receptor in
endothelial cells induces cell-cell adhesion.71

In conclusion, we propose that Gal-3 exerts its protu-
morigenic and prometastatic effects by promoting tumor
angiogenesis and melanoma cell vascular mimicry by
inducing the expression of VE-cadherin, IL-8, EDG-1,
MMP-2, and fibronectin-1 as well as other genes. Gal-3
contributes to melanoma tumor growth and metastasis by
inducing cell plasticity and aggressiveness, and there-
fore should be considered as a target for melanoma
therapy.
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